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Abstract 
Building on previous work quantitative estimates of climate change impacts on global food production have been made for the UK 
Hadley Centre's HadCM2 greenhouse gas only ensemble experiment and the more recent HadCM3 experiment (Hulme et al. , 1999). 
The consequences for world food prices and the number of people at risk of hunger as defined by the Food and Agriculture 
Organisation (FAO, 1988) ha ve also been assessed. Climate change is expected to increase yields at high and mid-latitudes, and lead to 
decreases at lower latitudes. This pattern becomes more pronounced as time progresses. The food system may be expected to 
accommodate such regional variations at the global level, with production, prices and the risk of hunger being relatively unaffected by 
the additional stress of climate change. By the 2080s the additional number of people at risk of hunger due to climate change is about 
80 million people ( ± 10 millio n depending on which of the four HadCM2 ensemble members is selected). However, some regions 
(particularly the arid and sub-humid tropics) will be adversely affected. A particular example is Africa, which is expected to experience 
marked reductions in yield, decreases in production, and increases in the risk of hunger as a result of climate change. The continent 
can expect to have between 55 and 65 millio n extra people at risk of hunger by the 2080s under the HadCM2 climate scenario. Under 
the HadCM3 climate scenario the effect is even more severe, producing an estimated additional 70 + million people at risk of hunger 
in Africa. 1;) 1999 Published by Elsevier Science Ltd. All rights reserved. 
KeyH·ords: Climate change; food securit y; Crop yie lds 
I. Introduction 
The balance of scientific evidence now suggests that 
o\·e r the last century humans have begun to have a dis-
cernible influence on the world's climate, causing it to 
warm (I PCC, 1996, 1998). In the coming decades, global 
ag riculture will need to confront this challenge in addi-
tion to that of a growing population, which is projected 
to double its present level by about the 2080s (World 
Bank, 1995). 
This study examines the potential effects of climate 
change on crop yields, world food supply, and risk of 
hunger. The responses of crop yield to climate change are 
estima ted from crop growth models. The economic con-
sequences of these potential changes in crop yields are 
then simulated using a world food trade model. The 
'Corresponding author. Tel.: + 44-1603-593-895; fax: +44-1603-
593-896. 
£-mail address: parryml@aol.com (M. Parry) 
a nalysis provides estimates of changes in terms of pro-
duction and prices of major food crops and the number 
of people at risk of hunger. The method used has been 
reported elsewhere (Rosenzweig and Parry, 1994; Fischer 
et al., 1996). In this paper we show that the use of 
transient global climate model (GCM) scenarios allows 
not only the effect of the magnitude of climate change on 
food production to be assessed but also the effects of rate 
of change. 
Despite technological advances such as improved crop 
varieties and irrigation systems, weather and climate are 
still key factors in agricultural productivity. For example, 
weak monsoon rains in 1987 caused large shortfalls in 
crop production in India, Bangladesh, and Pakistan, 
contributing to a reversion to wheat importation by 
India and Pakistan (World Food Institute, 1988). The 
last two decades have also witnessed a continuing de-
terioration of food production in Africa, caused in part 
by persistent drought and low production potential, and 
international relief efforts to prevent widespread famine. 
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2. Study method At the same time agricultural trade has grown dramati-
cally and now provides significant food supplies for 
major importing nations and substantial income for 
exporting nations. These examples emphasise the close 
links between agriculture and climate, the international 
nature of food trade and food security, and the need to 
consider the impacts of climate change in a global con-
text. 
The structure and research methods for the world food 
supply study are illustrated in Fig. I. There are two main 
components: Estimation of potential changes in crop 
yield and estimation of world food trade responses. All 
climate change, technology and socio-economic scen-
arios used in this study are based on an IS92a future (for 
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Fig. I. Key elements of the crop yield and world food trade study (from Rosenzweig et al., 1993). 
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an explanation, see Hulme et al., 1999). The methodologi-
cal elements of each of the two components are described 
below. 
Adaptation was considered and incorporated in the 
evaluations made by the two components of the climate 
change study. Farm-level adaptations were tested by the 
crop models which result in yield changes, and economic 
adjustments to the yield changes were tested by the BLS 
world food trade model which result in national and 
regional production changes and price responses. 
Farm-level adaptations tested in the crop models 
include planting date shifts, more climatically adapted 
varieties, irrigation and fertiliser application. Eco-
nomic adjustments represented by the BLS include: 
increased agricultural investment, reallocation of agri-
cultural resources according to economic returns 
(including crop switching), and reclamation of additional 
arable land as a response to higher cereal prices. It is 
assumed that these economic adjustments do not to feed 
back to the yield levels predicted by the crop modelling 
study. 
Specification 
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soil and 
weather 
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capability 
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2.1. Estimation of potential changes in crop yield 
The IBSNAT-ICASA dynamic crop growth models for 
the major grain cereals and soybean (see Fig. 2) were 
specified and validated 124 sites in 18 countries (see 
Fig. 3) representing major agricultural regions of the 
world (Rosenzweig and Iglesias, 1994, 1999; Fig. 2). The 
IBSNAT-ICASA models were developed by the US 
Agency for International Development's International 
Benchmark Sites Network for Agrotechnology Transfer 
(IBSNAT, 1989). Crop model simulation results were 
aggregated and extrapolated to regional level based on 
agroclimatic zone analysis. Aggregated crop model re-
sults under different climate and management conditions 
were then used to specify appropriate functional forms 
for regional yield response to climate parameters (tem-
perature and precipitation), and environmental modifica-
tions (atmospheric C02 concentration). The resulting 
functions were then linked to a geographically explicit 
database for the evaluation of spatial yield changes under 
the climate and C02 scenarios predicted by Hadley 
FILES 
Soll data Ille · 
Output files depending on option settings and simulan·on applicatioru 
Fig. 2. The IBSNAT crop models. 
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Fig. 3. The locations of the I BS NAT crop model sites. 
Table I 
Current world crop yield, area. production. and percent world produc-
tion aggregated for countries participating in study 
Yield Area Production Study 
t/ha ha x 1000 I X 1000 countries % 
Wheat 2.1 230,839 481.811 73 
Rice 3.0 143,603 431,585 48 
f\1aize 3.5 127,393 449.364 71 
Soybeans 1.8 51,357 91,887 76 
Centre's GCMs known as HadCM2 (Mitchell et al., 1995) 
and HadCM3 (Hulme et al., 1999). Explicit links were 
created between analyses and simulations conducted at 
the validated site level and at the country/ regional level. 
The crops simulated (main grain cereals and soybean) 
account for 85% of the world cereal exports. Table 1 
shows the current percentages of world production of 
wheat, rice, maize, and soybean for the countries in which 
simulations were conducted. Simulations were carried out 
in recrions representing 70-76% of the current world pro-duct~n of wheat, maize, and soybean production. Rice 
production was less well represented in the model simula-
tions than the other crops, because India, Indonesia and 
Vietnam have significant production areas not included in 
the study. Further research is needed in these key coun-
tries in order to improve the reliability of the projections of 
climate change impacts on rice production. 
2.2. Crop models 
The study simulated the main grain crops with the 
IBSNAT-ICASA models for wheat (CERES-Wheat, 
Godwin et al., 1990), rice (CERES-Rice, Godwin et al., 
1993), maize (Jones and Kiniry, 1986; Ritchie et al., 1989), 
and soybean (SOYGRO, Jones et al., 1989). The IBSNAT 
models are comprised of parameterisations of important 
physiological processes responsible for plant growth and 
development, evapotranspiration, and partitioning of 
photosynthate to produce economic yield. The simplified 
functions enable prediction of the growth of crops as 
influenced by the major factors that affect yields, i.e. 
genetics, climate (daily solar radiation, maximum and 
minimum temperatures, and precipitation), soils, and 
management practices. The models include a soil moist-
ure balance sub-model so that they can be used to predict 
both rainfed and irrigated crop yields. The models simu-
late the effects of nitrogen fertiliser on crop growth, and 
these were analysed in several sites in the context of 
climatic change (for example, Argentina and Uruguay, 
see Rosenzweig and Iglesias, 1994). For the most part, 
however, the results of this study assume optimum nutri-
ent levels. 
The IBSNAT models were selected for use in this study 
because they have been validated over a wide range of 
environments (e.g. Otter-Nacke et al., 1986) and are not 
specific to any particular location or soil type. They are 
better suited for large-area studies, in which crop-grow-
ing and soil conditions differ greatly, than more detailed 
physiological models that have not been as widely te.sted. 
The validation of the crop models over different environ-
ments also improves the ability to estimate effects of 
changes in climate. Because the crop models have been 
tested over essentially the full range of temperature and 
precipitation regimes where crops are grown in today's 
climate, and to the extent that future climate change 
brings temperature and precipitation regimes within 
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these ranges, the models may be considered useful tools 
for assessment of potential climate change impacts. Fur-
thermore, because management practices, such as the 
choice of varieties, the planting date, fertiliser applica-
tion, and irrigation, may be varied in the models, they 
permit experiments that simulate adaptation by farmers 
to climatic change. 
2.3. Simulation of the direct effects ofC02 on crop growth 
Most plants growing in experimental environments 
with increased levels of atmospheric C02 exhibit in-
creased rates of net photosynthesis (i.e. total photosyn-
thesis minus respiration) and reduced stomata! openings. 
(Experimental effects of C02 on crops have been re-
viewed by Cure and Acock (1986).) Partial stomata! clos-
ure leads to reduced transpiration per unit leaf area and, 
combined with enhanced photosynthesis, often improves 
water-use efficiency (the ratio of crop biomass accumula-
tion or yield to the amount of water used in evapotran-
spiration). Thus, by itself, increased C02 can increase 
yield and reduce water use (per unit biomass). 
The crop models used in this study account for the 
beneficial physiological effects of increased atmospheric 
C02 concentrations on crop growth and water use 
(Peart et al., 1989). As simulated in this study, the direct 
effects of C02 may bias yield changes in a positive 
direction, since there is uncertainty regarding whether 
experimental results will be observed in the open field 
under conditions likely to be operative when farmers are 
managi ng crops. Plants growing in experimental settings 
are often subject to fewer environmental stresses and less 
competition from weeds and pests than are likely to be 
encountered in farmers' fields. However, recent field free-
air release studies have found overall positive C02 effects 
under current climate conditions (Hendry, 1993). 
2.4. Yield simulations at the site /ere! 
Crop modelling simulation experiments included in 
the study were performed for: the baseline climate; step 
changes in temperature, precipitation and C02 levels; 
and GCM climate change scena rios with and without the 
physiological effects of C02 . This involved the following 
tasks: 
• Definition of the representative crop management (e.g. 
crop variety, fertiliser inputs, rainfed and/or irrigated 
production, number of crops grown per year) and soils. 
• Definition of the baseline daily climate data for the 
period 1961-90, or for as many years of daily data as 
were available. 
• Validation of the crop models under current climate 
with experimental data from field trials, to the extent 
possible. 
• Simulations of crop responses with the climate modi-
fied scenarios. 
• Testing of farm level adaptations: shifts in planting 
date ( ± 1 month); additional application of irrigation 
water to crops already under irrigation; and changes 
in crop variety assuming only the range that exists 
today. 
2.4.J. Aggregation of site results to agroclimatic regions 
Crop model results for wheat, rice, maize and soybean 
from the 124 sites were aggregated to agroclimatic re-
gions by weighting their representative contribution to 
current regional production. The aggregations were 
calculated jointly with agricultural scientist from 18 
countries (see Rosenzweig and Iglesias, 1994) and with 
production data sources included the United Nations 
Food and Agriculture Organisation (F AO, 1995), the US 
Department of Agriculture (USDA) Crop Production 
Statistical Division, and the USDA International Service. 
The regional yield estimates represent the current mix of 
rainfed and irrigated production and the current crop 
varieties, nitrogen management and soils. 
2.4.2. Derelopment of the regional yield functional forms 
Statistical analyses were used to derive regional yield 
response functions from the site results. First, relation-
ships between crop yield and temperature and precipita-
tion anomalies over the entire growing period and 
atmospheric C02 levels were analysed independently 
using the Pearson product moment correlation coeffic-
ient, as calculated by the SPSS statistical programme. 
This exploratory analysis served to identify those vari-
ables, which explained a significant proportion of the 
observed yield variance. 
The yield response to combined changes in temper-
ature, precipitation and C0 2 concentration (between IO 
and 200 simulations per crop and agroclimatic region) 
was then statistically analysed. The multiple linear and 
quadratic regression models were tested as possible yield 
functions. For each function, the agreement between 
simulated "observed" yields (the term "observed" is used 
here to designate the results of the crop model simula-
tions) and yields predicted by the functions was measured 
using the adjusted R1, representing the fraction of vari-
ation in simulated yield explained by the fitted yield 
values. The significance of the estimated models was also 
assessed by screening the values obtained using the F-test 
criteria of F values being less than 0.0001 at the 95% 
significance level. Function parameters, their signifi-
cance, and predicted yields were calculated using the 
SPSS statistical programme. 
These yield functions were then applied to the spatial 
climate change data (scenario changes in the temper-
ature, precipitation, and C02 levels) to derive scenario 
yield change estimates for individual crops. 
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2.4.3. Yield change estimates for crops and regions not 
simulated 
The regional crop yield changes were extrapolated: 
• To provide estimates of yield changes for the other 
crops and commodity groups included in the food 
trade analysis using a blend of expert judgement and 
historical analogues. 
• To the specific countries and regions considered in the 
BLS that do not represent agroclimatic homogeneous 
regions (see Table 2). 
The extrapolation was estimated based on three cri-
teria: 
• similarities to growing conditions for modelling crops; 
• results from over 50 previously published and unpub-
lished regional climate change impact studies; and 
• projected temperature and precipitation changes (and 
hence soil moisture availability for crop growth) from 
the four HadCM2 ensemble member and single 
HadCM3 climate change scenarios (Hulme et al., 
1999). 
2.4.4. limitations of crop yield change estimates 
be controlled; there are no problem soil conditions (e.g. 
salinity or acidity); and there are no extreme weather 
events such as droughts or severe storms. The models are 
calibrated to experimental field data, which often have 
yields higher than those currently typical under farming 
conditions. Thus, the absolute effects of climatic change 
on yields in farmers' fields may be different from those 
simulated by the crop models. The crop models simulate 
the current range of agricultural technologies available 
around the world, including the use of high-yielding 
varieties that are responsive to technological inputs, but 
by the 2080s agricultural technology is likely to be very 
different. The models may be used to test the effects of 
some potential improvements in agricultural production, 
such as varieties with higher thermal requirements and 
installation of irrigation systems, but do not include 
possible future improvements. (The BLS economic model 
used in the study does include future trends in yield 
improvement, but not technological developments in-
duced by negative climate change impacts.) 
The yield change estimates include different sources of 
uncertainty. At the site level, the main source of uncer-
tainty is inherent to the use of crop models. The crop 
models embody a number of simplifications. For 
example, weeds, diseases, and insect pests are assumed to 
At the regional level, the primary source of uncertainty 
in the estimates lies in the sparseness of the crop model-
ling sites to derive regional yield functions and the fact 
that the sites may not adequately represent the variability 
of agricultural regions within countries, the variability of 
agricultural systems within similar agro-ecological zones, 
or dissimilar agricultural regions. However, since the site 
results relate to regions that account for about 70% of 
world grain production, the conclusions concerning 
Table 2 
Models in the Basic Linked System 
National models 
Argentina 
Australia 
Austria 
Brazil 
Canada 
Egypt 
Indonesia 
Japan 
Alodels with country specific structure 
China 
India 
Alodels with close economic-co-operation 
Eastern Europe & former USSR 
Regional group models 
Africa oil exporters 
Africa medium-income exporters 
Africa medium-income importers 
Africa low-income exporters 
Africa low-income importers 
Latin American high-income exporters 
Latin American high-income importers 
Kenya 
Mexico 
New Zealand 
Nigeria 
Pakistan 
Thailand 
Turkey 
United States 
EU 
Latin American medium-income 
South-East Asia high-medium exporters 
South-East Asia high-medium importers 
Asia low-income 
South-West Asia oil exporters 
South-West Asia medium-low income 
Rest of the World 
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world totals of cereal production contained in this study 
are believed to be substantiated adequately. Another 
source of uncertainty lies in the simulation of grain crops 
only, leading to estimation of yield changes for other 
commodities, such as root crops and fruit, based prim-
arily on previous estimates. The previous estimates 
tended to be less negative than the crop responses 
modelled in this study, and this introduced a bias in 
favour of these other crops in the world food trade model. 
2.4.5. Estimation of world food trade responses 
The national crop yield changes derived from the first 
component of the study were used as inputs into a world 
food trade model, the Basic Linked System (BLS), de-
veloped at the International Institute for Applied Sys-
tems Analysis (IIASA) (Fischer et al., 1988). The BLS was 
run first for a reference scenario projecting the agricul-
tural system to the end of the 2080s assuming no change 
in climate, and then with four HadCM2 and one 
HadCM3 climate change scenarios. In this study socio-
economic variables were kept constant between runs so 
as to isolate the effect of the slightly different GCM runs. 
Outputs from the BLS simulations, providing informa-
tion on food production, food prices and on the number 
of people at risk of hunger (defined as the population 
with an income insufficient to either produce or procure 
their food requirements) for these scenarios, were projec-
ted up to the 2080s. 
2.4.6. The world food trade model 
The world food system is a complex dynamic interac-
tion of producers and consumers, interacting through 
global markets. Related activities include input produc-
tion and acquisition, transportation, storage and 
processing. While there is a trend towards international-
isation in the world food system, only about 15% of total 
world production currently crosses national borders 
(Fischer et al., 1990). National governments shape the 
system by imposing regulations and by investments in 
agricultura l research, infrastructure improvements, and 
education. The system functions to meet the demand for 
food, to produce food in increasingly efficient ways, and 
to trade food within and across national borders. Al-
though the system does not guarantee stability, it has 
generated long-term real declines in prices of major food 
staples (Fischer et al., 1990). 
The basic linked system (BLS) consists of linked na-
tional agricultural sector models. The BLS was designed 
a t IIASA for food policy studies but it also can be used to 
evaluate the effect of climate-induced changes in yield on 
world food supply and agricultural prices. It currently 
consists of 18 national models, 2 models for regions with 
close economic co-operation (the EU and former Soviet 
Union), 14 regional group models and a small compon-
ent that accounts for statistical discrepancies and imbal-
ances during the historical period (See Table 2). The 20 
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Fig. 4. The Basic Linked Sys tem - relationships between country 
components and world markets. Arrows to countries represent interna-
tional commodity prices; arrows to world markets represent net trade 
(from Rosenzweig et al., 1993). 
models in the first two groups cover about 80% of 
attributes of the world food system such as demand, land 
and agricultural production. The remaining 20% is 
covered by 14 regional models for countries which have 
broadly similar attributes (e.g., African oil-exporting 
countries, Latin American high income exporting coun-
tries, Asian low-income countries etc.). The grouping is 
based on country characteristics such as geographical 
location, income per capita and the country's position 
with regard to net food trade (Fischer et al., 1995). 
The BLS is a general equilibrium model system, that 
comprises a representation of all major economic sectors, 
empirically estimated parameters and no unaccounted 
supply sources or demand sinks (see Fischer et al. (1988) 
for a complete description of the model). In the BLS, 
countries are linked through trade, world market prices 
and financial flows (Fig. 4). It is a recursively dynamic 
system: a first round of exports from all countries is 
calculated for an assumed set of world prices and interna-
tional market clearance is checked for each commodity. 
World prices are then revised, using an optimising algo-
rithm, and again transmitted to the national model. Next, 
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these generate new domestic equilibria and adjust net 
exports. This process is repeated until the world markets 
for all commodities are cleared. At each stage of the 
iteration, domestic markets are in equilibrium. This pro-
cess yields international prices as influenced by govern-
mental and inter-governmental agreements. The system 
is solved in annual increments, simultaneously for all 
countries. Summary indicators of the sensitivity of the 
world system include world cereal production, world 
cereal prices and prevalence of population in developing 
countries at risk of hunger. 
The BLS does not incorporate any climate relation-
ships per se. Effects of changes in climate were introduced 
to the model as changes in the average national or 
regional yield per commodity. Ten commodities are in-
cluded in the model: wheat, rice, coarse grains, protein 
feed, bovine and ovine meat, dairy products, other ani-
mal products, other food, non-food agriculture and non-
agriculture. Yield change estimates for coarse grains were 
based on the percentage of maize grown in the country or 
region; soybean crop model results were used to estimate 
the protein feed category; the estimates for the non-grain 
crops were based on the modelling grain crops and pre-
vious estimates of climate change impacts as described 
above. A positive bias toward non-grain crops was intro-
duced by this procedure, since the previous estimates of 
yield changes of the non-grain crops were less negative 
than the modelled results from this study. 
2.4. 7. Economic growth rates 
Economic growth rates are a product of several 
BLS functions. Non-agricultural production utilises 
a Cobb-Douglas production function with labour and 
capital as production factors. Non-agricultural labour 
input depends primarily on population growth (predeter-
mined in the form of the World Bank 1995 medium 
long-range scenario) and somewhat on relative prices 
between agriculture and non-agriculture by means of 
a sector migration function. Capital accumulation de-
pends on investment and depreciation, which in turn 
depend on saving and depreciation rates. Depreciation 
rates and saving rates are estimated from historical data 
and are kept constant after 1990. There is an exogenous 
assumption based on historical data for technical pro-
gress in the production function. The primary economic 
growth rates used in this study are those produced by the 
Energy Modelling Forum (EMF14, 1995). 
2.4.8. Yield trends 
Representing improvement in agriculture productivity 
due to technological progress, the annual yield trends 
used in the BLS for the period 1980-2000 are 1.2, 1.0, and 
1.7% for global, developed country, and developing 
countries, respectively. According to F AO data, yields 
have been growing at an average of around 2% annually 
during the period 1951-80, both for developed and <level-
oping (excluding China) countries (FAO, 1991), Recent 
increase (1965-85) in annual productivity for less-de-
veloped countries is about 1.5%/yr. In the 1980s, how-
ever, yields grew globally at an average yield increase of 
only 1.3%, implying a falling trend in yield growth rates. 
The falling growth rates utilised in the reference case of 
the BLS may be justified for several reasons. Historical 
trends suggest decreasing rates of increase, and yield 
improvements from biotechnology have yet to be 
realised. Much of the large yield increases in developed 
countries in the 1950s and 1960s and in developing coun-
tries thereafter has been due to intensification of chemical 
inputs and mechanisation. Apart from economic reasons 
and environmental concerns which suggest that max-
imum input levels may have been reached in many 
developed countries, there are likely be diminishing rates 
of return for further input increases. In some developing 
countries, especially in Africa, increase in input levels and 
intensification of production are likely to continue for 
some time, but may also ultimately level off. Further-
more, since Africa has the lowest average cereal yields of 
all the regional groups combined with a high population 
growth rate, it will contribute an increasing share of 
cereal production, thereby reducing average global yield 
increases. 
2.4.9. Arable land 
Availability of arable land for expansion of crop pro-
duction is based on F AO data. In the BLS standard 
national models, a piece-wise linear time-trend function 
is used to impose upper bounds (inequality constraints) 
on land use. In addition, this time trend function is 
modified with an elasticity term (usually 0.05 or less) that 
reacts to changes in shadow prices of land in comparison 
to 1990 levels. The upper limits imposed by the time 
trend function utilise the F AO data on potential arable 
land. The arable land limits are not adjusted due to 
climate change, even though they may be affected posit-
ively in some locations by extension of season length or 
drying of wet soils or negatively, by sea-level inundation 
or desertification. 
2.4. I 0. Risk of hunger indicator 
The indicator of number of people at risk from hunger 
used in the BLS is defined as the population with an 
income insufficient either to produce or procure their 
food requirements in developing countries (excluding 
China). The measure is derived from FAQ estimates and 
methodology for developing market economies (FAQ, 
1987). The FAQ estimates were obtained by stipulating 
that calorie consumption distribution in a country is 
skewed and can be represented by a beta distribution. 
The parameters of these distributions were estimated by 
F AO for each country based on country-specific data 
and cross-country comparisons. The estimate of the 
energy requirement of an individual is based on the basal 
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metabolic rate (time in a fasting state and lying at com-
plete rest in a warm environment). Body weight, age and 
sex have an impact on this requirement. F AO presents 
two estimates of undernourished people, based on min-
imum maintenance requirements of 1.2 and 1.4 (the latter 
judged as more appropriate) basal metabolic rate. The 
BLS estimate for 1990, based on the 1.4 basal metabolic 
rate requirements, is 521 million undernourished people 
in the developing world, excluding China. 
2.4.11. Limitations of world food trade model 
The economic adjustments simulated by the BLS are 
assumed not to alter the basic structure of the production 
functions. These relationships may be altered in a chang-
ing climatic regime and under conditions of elevated 
C0 2 • For example, yield responses to nitrogen fertilisa-
tion may be altered due to changing nutrient solubilities 
in warmer soils. Furthermore, in the analysis of BLS 
results, consideration is limited to the major cereal food 
crops, even though shifts in the balance of arable and 
livestock agriculture are also likely under changed cli-
matic regimes. Livestock production is a significant com-
ponent of the global food system and is also potentially 
sensitive to climatic change. The non-agriculture sector is 
poorly modelled in the BLS, leading to simplifications in 
the simulation of responses to climatic change. 
3. The set of model experiments 
The estimates of climate-induced changes in food pro-
duction potential were used as inputs to the BLS in order 
Table 3 
GDP growth rates (Baseline is 1990 GDP/cap). Source: EMF!4 (1995) 
Region Trillions Per capita growth rates 
(p/c) 
1990-2000 2000-2025 
USA 5.52 2.50% 2.30% 
(22.080) (2.18) (1.97) 
EEC 5.71 2.50% 2.30 % 
(16,599) (2.15) (2.09) 
O ther 4.97 2.70% 2.30% 
O ECD (19,1 89) (2.24) (2.11) 
FSU 1.31 -1.50% 4.30% 
(4533) ( - 2.0) (3.90) 
China 1.33 4.00% 3.50% 
(1173) (2.71) (2.66) 
O ther non-OECD 3.11 3.75% 4.20% 
(1045) (1.44) (2.55) 
World 21.95 2.63% 2.84 % 
Total (4179) (0.93) (1.59) 
to assess possible impacts on future levels of food produc-
tion, food prices and the number of people at risk from 
hunger (see Fig. 1). Impacts were assessed for three time 
steps, 2020s, 2050s and 2080s, with population growth, 
technology trends and economic growth projected 
through these periods to 2100. Assessments were first 
made for a reference scenario assuming no climate 
change and subsequently with the four HadCM2 and one 
HadCM3 climate change scenarios. In every case the 
difference between the reference and climate change as-
sessments was taken as the estimated climate-induced 
effect. 
Results are described for the following scenarios: 
3.1. The reference scenario 
The reference scenario projects the agricultural system 
to 2080 with no climate change. The scenario is based 
upon a series of assumptions not only concerning the 
world food trade system but other exogenous factors 
such as population growth and GNP. The assumptions 
used are as follows: 
• No major changes in the political or economic context 
of world food trade. 
• Population growth to occur as projected by the World 
Bank (1994) - 10.7 billion by the 2080s. 
• GNP to accumulate as projected by the EMF 14 
(1995) - see Table 3. 
• A 50% trade liberalisation in agriculture is introduced 
gradually by 2020. 
2025-2050 2050-2075 2075-2100 2100-2150 2150-2200 
1.50% l.10% l.10% 0.80% 0.60% 
(I.62) (l.14) (l.12) (0.80) (0.60) 
1.50% l.10% l.10% 0.80% 0.60% 
(1.60) (l.14) (l.11) (0.80) (0.60) 
1.50% l.10% l.10% 0.80% 0.60% 
(1.59) (l.13) (l.13) (0.80) (0.60) 
3.50% 2.00% 2.00% 1.00% 0.80% 
(3.33) (1.89) (I.93) (1.00) (0.80) 
3.25 % 3.00% 3.00% 2.00% 1.00% 
(2.93) (2.89) (2.85) (2.00) (1.00) 
3.40% 2.80% 2.80% 2.00% 1.00% 
(2.42) (2.38) (2.60) (2.00) (1.00) 
2.27% 1.94% 2.11% 1.60% 0.90% 
(I.55) (1.62) (1.94) (1.60) (0.90) 
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• Technology is projected to increase yields over time 
but at a slightly slower rate than recently experienced 
(i.e. about one per cent per year). 
This scenario is used as a reference. The differences 
between it and the scenarios of climate change are taken 
as the impacts of climate change. 
3.2. Climate change scenarios 
The crop models were run for current climate condi-
tions and for climate conditions predicted by the Hadley 
Centre's GCMs known as HadCM2 (Mitchell et al., 
1995) and HadCM3 (see Hulme et al., 1999). For the first 
time the four ensemble members of HadCM2 (see Hulme 
et al., 1999) are used (HadCM2GGal-4). Until now only 
HadCM2GGal has been widely used (DETR, 1995, 
1997). All climate change scenarios are based on an 
IS92a-type forcing (one which assumes greenhouse gas 
emissions stem from a 'business-as-usual' future in eco-
nomic and social terms). 
4. Estimated effects on yields 
4.1. Effects on Crop yields 
Fig. 5a-c show the estimated potential changes in 
average national grain crop yields for the four HadCM2 
and one HadCM3 climate change scenarios, allowing for 
the direct effects of C02 on plant growth. The maps are 
created from the nationally averaged yield changes for 
wheat, rice and maize. Regional variations within coun-
tries are not shown. 
The latitudinal variations in crop yields illustrated in 
Fig. 5a-c are mainly due to differences in current growing 
conditions. Higher temperatures tend to shorten the 
growing period. This is especially true at low latitudes 
where crops are currently grown at higher temperatures 
and are nearer the limits of temperature tolerances for 
heat and water stress. Warming at low latitudes leads to 
more severe heat and water stress and greater yield 
decreases than at higher latitudes. Under the HadCM2 
scenario, in many mid- and high-latitude areas, where 
current temperature regimes are low, the increase in 
surface temperatures tends to lengthen the growing sea-
son thus increasing yields. However, IPCC Working 
Group II in its second assessment report (IPCC, 1996) 
acknowledged that a latitudinal shift in temperature pat-
terns would not strictly correspond to a simple shift in 
latitude of suitable areas for usual crops. This is because 
many plants are sensitive to photoperiod and have 
adapted to a specific combination of temperature and 
photoperiod ranges. Therefore, new genotypes will be 
required to take advantage of any potential climate 
change benefits. In this study the potential for expansion 
of cultivated land is embedded in the BLS world food 
trade model and is reflected in shifts in production cal-
culated by that model. 
This potentially beneficial effect is not evident under 
the HadCM3 scenario. The intensified polar warming 
experienced under HadCM3 is so great that the thre-
shold concerning positive effects of warmer temperatures 
at higher latitudes is exceeded and a decrease in yields 
occurs in some of these regions. 
Another difference evident from Fig. 5a-c is that, while 
the area most adversely affected under HadCM2 is the 
Indian subcontinent, under HadCM3 it is western Africa 
and the USA. In summary the negative effects of climate 
change are far more evident under the HadCM3 climate 
change scenario than under the HadCM2 scenarios. The 
primary causes of decreases in simulated yields are: 
• Shortening of the growing period. Higher temperatures 
during the growing season speed annual crops through 
their development (especially grain-filling stage), 
allowing less grain to be produced. This occurs at all 
sites except those with the coolest growing-season tem-
peratures in Canada and Russia. 
• Decrease in water availability. This is due to a combi-
nation of increases in evapotranspiration rates in the 
warmer climate, enhanced losses of soil moisture and, 
in some cases, a projected decrease in precipitation in 
the climate change scenarios. 
• Poor vernalization. Vernalization is the requirement of 
some temperate cereal crops, e.g. winter wheat, for 
a period of low winter temperatures to initiate or 
accelerate the flowering process. Low vernalization 
results in low flower bud initiation and ultimately 
reduced yields. Decreases in winter wheat yields at 
some sites in Canada and the former USSR are due to 
Jack of vernalization. 
5. Estimated effects on food production, food prices and 
risk of hunger 
5.1 . The reference scenario (the future without climate 
change) 
Assuming no effects of climate change on crop yields 
and current trends in economic and population growth 
rates, world cereal production is estimated at 4012 mil-
lion metric tons (mmt) in the 2080s (- 1800 mmt in 
1990). 
Cereal prices are estimated at an index of 92.5 
(1990 = 100) for the 2080s, thus continuing the trend of 
falling real cereal prices over the last 100 years. This 
occurs because the BLS standard reference scenario has 
two phases of price development. Between 1990 and 
2020, while trade barriers and protection are still in place 
but are being reduced, there are increases in relative 
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Fig. 5. (a) Potential changes(%) in na tional cereal yields for the 2020s (compared with 1990) under the four HadCM2 ensemble members (GGal-4) 
and the single HadCM3 climate change scenarios. (b) Potential changes(%) in national cereal yields for the 2050s (compared to 1990) under the four 
HadC M2 ensemble members (GGal-4) and the single HadCM3 climate change scenarios. (c) Potential changes(%) in national cereal yields for the 
2080s (compared to 1990) under the four HadCM2 ensemble members (GGal-4) and the single HadCM 3 climate change scenarios. 
prices due to the increase in demand brought about by 
the growing world population. However, after 2020, by 
which time a 50% liberal isation of trade has been 
realised, prices begin to fall again. This has obvious 
ramifications for the number of hungry people which is 
now es timated at about 300 million or about 3% of total 
population in the 2080s ( - 521 million in 1990, about 
10% of total current population). 
5.2. Effects of climate change 
5.2. 1. Global effects 
Changes in cereal production, cereal prices, and people 
at risk of hunger estimated for the HadCM2 climate 
change scenarios (with the direct C0 2 effects taken into 
account) show that world is generaJly able to feed itself in 
the next miJlennium. Only a smaJI detrimental effect is 
observed on cereal production, manifested as a shortfaJI 
on the reference production level of around 100 mmt 
( - 2.1 %) by the 2080s ( ± 10 mmt depending on which 
HadCM2 climate simulation is selected). In comparison, 
HadCM3 produces a greater disparity between the refer-
ence and climate change scenario - a reduction of more 
than 160 mmt ( - - 4%) by the 2080s (Fig. 6a). 
Reduced production leads to increases in prices. Under 
the HadCM 2 scena rios cereal prices increase by as much 
as 17% ( ± 4.5%) by the 2080s (Fig. 6b). The greater 
negative impacts on yields projected under HadCM3 are 
carried through the economic system with prices esti-
mated to increase by about 45 % by the 2080s. In turn 
these production and price changes are likely to affect the 
number of people with insufficient resources to purchase 
adequate amounts of food. Estimations based upon dy· 
namic simulations by the BLS show that the number of 
people at risk of hunger increases, resulting in an esti· 
mated additional 90 miJlion people in this condition due 
to climate change (above the reference case of - 250 
miJlion) by the 2080s (Fig. 6c). The HadCM3 results are 
again more extreme, faJling outside the HadCM2 range 
with an estimated 125 + million additional people at 
risk of hunger by the 2080s. AJI BLS experiments aJlow 
the world food system to respond to climate-induced 
supply shortfaJls of cereals and higher commodity prices 
through increases in production factors (cultivated land, 
labour, and capital) and inputs such as fertiliser. 
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Fig. 6. (a). Changes in global cereal production (mmt). Blocks are the production change projected under the HadCM3 climate change scenario 
compa red with the reference case). Bars depict the range of change under the four HadCM2 ensemble simulations. (b) Percentage change in cereal 
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i.2.2. Regional effects 
The global estimates presented above mask important 
·egional differences in impacts. For example, under the 
-ladCM2 scenarios yield increases at high and high 
mid-latitudes lead to production increases in these re-
gions, a trend that may be enhanced due to the greater 
adaptive capacity of countries here. Both Canada and 
Europe are good examples of this. In contrast, yield 
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decreases at lower latitudes, and in particular in the arid 
and sub-humid tropics, lead to production decreases and 
increases in the risk of hunger, effects that may be exacer-
bated where adaptive capacity is lower than the global 
average. 
Under the HadCM2 scenarios the largest negative 
changes occur in developing regions, which on average 
varies between - 3.5 and - 16.5%, though the extent of 
decreased production varies greatly by country depend-
ing on the projected climate. Disparities in crop produc-
tion between developed and developing countries are 
estimated to increase. However, our results based on the 
HadCM3 experiment show that the relationship between 
global warming and increased yields in the higher latit-
udes is finely balanced. Under HadCM3 the higher latit-
udes get warmer and drier than under the HadCM2 
scenarios. The result is that for the first time negative 
impacts on cereal yields and production figures are evi-
dent in North America, Eastern Europe and the Russian 
Federation as early as the 2020s (Fig. 7). 
The additional range values provided by the HadCM2 
ensemble simulations suggests that developing regions 
may not only have to meet the challenge of a warmer 
world but also a more variable one. Developing regions 
appear less able to deal with the range of multi-decadal 
climate variability that is presented under the four 
HadCM2 scenarios. In Africa cereal productivity under 
the HadCM2 scenarios is estimated to be reduced by 
about 12% or 30 mmt ( ± 2% depending on which 
HadCM2 ensemble member is chosen) from the reference 
case by 2080 (Fig. 7). The figure for South East Asia is ca. 
23% ( ± I%). As a consequence the number of people at 
risk of hunger in developing regions is estimated to 
increase: in Africa by more than one-third, while in Latin 
America we might expect to see a doubling over reference 
case levels (Fig. 8). 
6. Conclusions 
Climate change due to increasing greenhouse gases is 
likely to affect crop yields differently from region to 
region across the globe. Under the HadCM2 climate 
change scenarios used in this study, the effects on crop 
yields in mid- and high-latitude regions appear to be 
beneficial while those in low-latitude regions are ex-
pected to be detrimental. The HadCM3 scenario suggests 
that the beneficial effects at higher latitudes will occur 
within a specific climate range. If this is exceeded then 
even high mid-latitudes will witness adverse effects of 
climate change on agriculture. 
However, the more favourable effects on yield in tem-
perate regions depend to a large extent on full realisation 
of the potentially beneficial direct effects of C02 on crop 
growth. These regional differences are likely to grow 
stronger through time, leading to a significant polarisa-
tion of effects, with beneficial effects on yields and pro-
duction occurring in the developed world and negative 
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f ig. 7. Regional climate change impacts on cereal production. Blocks show HadCM3 driven impacts while HadCM2 range is depicted by the bars. 
effects in the developing world (excluding China). 
Decreases in potential crop yields are likely to be 
caused by a shortening of the crop growing period, de-
creases in water availability due to higher rates of evapot-
ranspiration, and poor vernalization of temperate cereal 
crops. 
It should be emphasised that the results reported here 
a re not a forecast of the future. There are very large 
uncertainties that preclude this, due to: 
• The uncertainties about climate change at the regional 
level. 
• The effects of future technological change on agricul-
tural productivity. 
• The potential realisation of any benefits from the C02 
"fertilisation effect" 
• Uncertainties about water availability for irrigation in 
the future 
• Trends in demand (including population growth), and 
the wide array of possible adaptations. 
The adoption of efficient adaptation techniques is far 
from certain. In developing countries there may be social 
or technical constraints, and adaptive measures may not 
necessarily result in sustainable production over long 
time frames. The availability of water supplies for irriga-
tion and the costs of adaptation are important aspects 
of further research. This study should therefore be 
considered more an exploratory assessment of the sensi-
tivity of the world food system, rather than a prediction 
of its future. 
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